Luteinizing hormone (LH) stimulates steroidogenesis largely through a surge in cyclic AMP (cAMP). Steroidogenic rates are also critically dependent on the availability of cholesterol at mitochondrial sites of synthesis. This cholesterol is provided by cellular uptake of lipoproteins, mobilization of intracellular lipid, and de novo synthesis. Whether and how these pathways are coordinated by cAMP are poorly understood. Recent phosphoproteomic analyses of cAMP-dependent phosphorylation sites in MA10 Leydig cells suggested that cAMP regulates multiple steps in these processes, including activation of the SCAP/SREBP pathway. SCAP [sterol-regulatory element-binding protein (SREBP) cleavage-activating protein] acts as a cholesterol sensor responsible for regulating intracellular cholesterol balance. Its role in cAMP-mediated control of steroidogenesis has not been explored. We used two CRISPR (clustered regularly interspaced short palindromic repeat)-Cas9 (CRISPR associated protein 9) knockout approaches to test the role of SCAP in steroidogenesis. Our results demonstrate that SCAP is required for progesterone production induced by concurrent inhibition of the cAMP phosphodiesterases PDE4 and PDE8. These inhibitors increased SCAP phosphorylation, SREBP2 activation, and subsequent expression of cholesterol biosynthetic genes, whereas SCAP deficiency largely prevented these effects. Reexpression of SCAP in SCAP-deficient cells restored SREBP2 protein expression and partially restored steroidogenic responses, confirming the requirement of SCAP-SREBP2 in steroidogenesis. Inhibitors of 3-hydroxy-3-methylglutaryl-Coenzyme A reductase and isoprenylation attenuated, whereas exogenously provided cholesterol augmented, PDE inhibitor-induced steroidogenesis, suggesting that the cholesterol substrate needed for steroidogenesis is provided by both de novo synthesis and isoprenylation-dependent mechanisms.
Luteinizing hormone (LH) stimulates steroidogenesis largely through a surge in cyclic AMP (cAMP). Steroidogenic rates are also critically dependent on the availability of cholesterol at mitochondrial sites of synthesis. This cholesterol is provided by cellular uptake of lipoproteins, mobilization of intracellular lipid, and de novo synthesis. Whether and how these pathways are coordinated by cAMP are poorly understood. Recent phosphoproteomic analyses of cAMP-dependent phosphorylation sites in MA10 Leydig cells suggested that cAMP regulates multiple steps in these processes, including activation of the SCAP/SREBP pathway. SCAP [sterol-regulatory element-binding protein (SREBP) cleavage-activating protein] acts as a cholesterol sensor responsible for regulating intracellular cholesterol balance. Its role in cAMP-mediated control of steroidogenesis has not been explored. We used two CRISPR (clustered regularly interspaced short palindromic repeat)-Cas9 (CRISPR associated protein 9) knockout approaches to test the role of SCAP in steroidogenesis. Our results demonstrate that SCAP is required for progesterone production induced by concurrent inhibition of the cAMP phosphodiesterases PDE4 and PDE8. These inhibitors increased SCAP phosphorylation, SREBP2 activation, and subsequent expression of cholesterol biosynthetic genes, whereas SCAP deficiency largely prevented these effects. Reexpression of SCAP in SCAP-deficient cells restored SREBP2 protein expression and partially restored steroidogenic responses, confirming the requirement of SCAP-SREBP2 in steroidogenesis. Inhibitors of 3-hydroxy-3-methylglutaryl-Coenzyme A reductase and isoprenylation attenuated, whereas exogenously provided cholesterol augmented, PDE inhibitor-induced steroidogenesis, suggesting that the cholesterol substrate needed for steroidogenesis is provided by both de novo synthesis and isoprenylation-dependent mechanisms.
Overall, these results demonstrate a novel role for LH/cAMP in SCAP/ SREBP activation and subsequent regulation of steroidogenesis.
L uteinizing hormone (LH) binding to its lutropin-choriogonadotropic hormone receptor on Leydig cells initiates a cascade of signaling events, including a surge in levels of the second messenger 3′,5′-cyclic adenosine monophosphate (cAMP) and subsequent activation of protein kinase A (PKA). A large number of cyclic nucleotide phosphodiesterases (PDEs) serve to limit the intracellular temporal and spatial effects of cAMP by hydrolyzing cAMP to 5′-AMP (1, 2) . Among the different PDE enzymes, inhibition of PDE4 and PDE8 is known to stimulate steroidogenesis (3) (4) (5) (6) . Within these gene families, PDE8A and PDE8B both regulate steroidogenesis (5) , whereas the role for specific PDE4 family gene products is less well understood. PDE4A, PDE4B, and PDE4C, but not PDE4D, have been shown to be expressed in Leydig cells (5, 7, 8) , but the role for specific PDE4s in regulating steroidogenesis is unknown. We have recently demonstrated that simultaneous inhibition of PDE4 and PDE8 in MA10 Leydig cells results in an increase of a large number of phosphorylated PKA consensus sites in multiple proteins (8) concurrent with a very large increase in steroid production (5).
Cellular cholesterol levels are controlled in part by several transcription factors, including sterol-regulatory element-binding proteins (SREBPs) 2 and 1a, that promote cholesterol biosynthetic gene expression when cellular cholesterol levels are too low to meet demand (9, 10) . The activities of the SREBPs are precisely controlled by an escort protein, SREBP cleavage-activating protein (SCAP), and the insulin-inducible gene product (Insig) (11) (12) (13) . When cellular cholesterol levels are high and cholesterol binds to the sterol-binding domain of SCAP, SCAP is tethered by Insig, and the inactive SCAP-SREBP complex is retained in the endoplasmic reticulum (ER) membrane. Once cellular cholesterol levels become lower or demand for cholesterol supply becomes higher, the cholesterol-free form of SCAP is released from Insig, and the SCAP-SREBP complex is transported from the ER to the Golgi in coatomer protein II (COPII) vesicles. In the Golgi, SREBPs are sequentially cleaved by two proteases, site-1 protease and site-2 protease, which allows release of the active N-terminal mature forms of SREBPs and translocation into the nucleus, where they bind to sterol-regulatory elements (SREs) in target genes (14) (15) (16) . This process has been studied largely in the context of regulation of cholesterol biosynthesis by the liver. A possible role(s) for cAMP in SCAP/ SREBP regulation of steroid hormone production has not been extensively explored and is not well-understood.
In this study, we demonstrate using two different CRISPR-Cas9 gene-ablation approaches that cAMP elevation by inhibition of Significance Luteinizing hormone stimulates production of testosterone and other steroids largely through a surge in the second messenger cAMP and subsequent activation of protein kinase A (PKA) in target cells. Rates of steroidogenesis are also dependent on the availability of cholesterol, a steroid building block. We propose, based on our results, that cAMP/PKA coordinates the functions of multiple pathways to regulate cellular cholesterol handling and synthesis and downstream steroid output. Activation of the cholesterol-sensing SCAP-SREBP2 pathway plays an important role in cAMP/PKA coordination of steroidogenesis. These cAMP/PKAinduced pathways are likely to be major regulators of sterol biosynthesis and cholesterol recharging in steroid hormone synthetic and other tissues. Cyclic nucleotide phosphodiesterases can be targeted to promote steroidogenesis and cholesterol metabolism.
PDE4 and PDE8 can regulate SCAP/SREBP function in a manner consistent with activation of this pathway being required for maximal steroid hormone biosynthesis. More generally, the data suggest that cAMP/PKA/PDE4+8 coordinate the functions of multiple pathways to regulate steroid output and may also act as a major regulator of cholesterol biosynthesis in Leydig cells and possibly many other tissues.
Results

Activation of PKA by PDE4 and PDE8 Inhibitors Causes Increased Phosphorylation of Many Proteins Likely to Be Regulators of Cholesterol
Handling and Steroidogenesis. Based on our previous global screen of phosphorylation events in MA10 Leydig cells in response to PDE inhibition (8), we curated a list of several sites that were the Protein functions are based on data provided by PhosphoSitePlus (50) and GeneCards (version 4.1, build 29; www.genecards.org), unless otherwise specified. Proteins investigated in the present study are highlighted in bold. Original proteomics data are available at the public MS data repositories MassIVE (ID MSV000079412; massive.ucsd.edu) and ProteomeXchange (accession no. PXD003280; www.proteomexchange.org). The fold increases shown have been calculated from primary data reported in ref. 8 . All values are the average fold increases seen from multiple identifications and quantification at the 1-h time point (usually in three to six of six runs) with the exception of the following. *The Sec22b site (S137) is not a classic PKA consensus site (RRNLGS).
† For Lipe, no quantification was seen at the 1-h time point but an average increase of 7.1-fold was seen at earlier time points, and the phosphorylation increase was verified by a phospho-specific antibody. ‡ In these cases, the values reported are the average increase seen in one or two runs at the 1-h time point but are verified by data from other time points.
most highly phosphorylated PKA consensus sites that also might directly influence steroid hormone production, cholesterol synthesis, and/or trafficking (Table 1) . Nearly all identified phosphorylation sites showed more than a twofold increase after 1 h of treatment with specific PDE4 and PDE8 inhibitors (rolipram and PF-04957325, respectively) (increases were noted in at least three of five experiments). Many phosphorylation sites were increased more than fourfold. PKA consensus site phosphorylation in response to cAMP elevation occurred in a large number of proteins involved in cholesterol synthesis and delivery pathways, cholesterol and fatty acid liberation from lipid stores, and LDL receptor-, endosome-, and vesicle-trafficking proteins (Table 1) . Among the identified phosphorylation sites was S821 of SCAP. Two other proteins also known to be important to the SCAP/ COPII-dependent vesicle-trafficking pathway were even more highly phosphorylated (Sec22 homolog B vesicle-trafficking protein and Sec23-interacting protein) ( Table 1) . COPII vesicles transport a large number of cargo proteins from the ER to other membrane compartments in the cell and regulate a plethora of cellular functions in addition to cholesterol homeostasis. Therefore, the primary goal of this study was to begin to test the role for this pathway as a regulator of cAMP-stimulated steroid hormone production by examining the possible role of SCAP/SREBP in this process.
SCAP Deficiency Reduces Leydig Cell Steroidogenesis and Cholesterol
Biosynthetic Gene Expression. We initially examined whether SCAP/SREBP is required for hormone-stimulated steroidogenesis by knocking down SCAP in the MA10 Leydig cell line because reduction of SCAP is known to also reduce SREBP levels. We used two distinct CRISPR-Cas9 gene-editing techniques. First, SCAP activity and protein were knocked-down in pools of cells by electroporation of Cas9, guide RNA, and a repair construct containing a puromycin-resistance gene. After selection by puromycin, these cell pools had a dramatic reduction in SCAP as well as SREBP2 protein expression compared with wild-type (WT) cells (Fig. 1A) . We have previously reported that simultaneous inhibition of PDE4 and PDE8 (rolipram at 10 μM and PF-04957325 at 200 nM, respectively) synergistically stimulates steroidogenesis and induction of the steroidogenic acute regulatory (StAR) protein, a protein that can be a rate-limiting factor for steroidogenesis (5) . Further, this study demonstrated that both PDEs cooperatively control levels of cAMP-dependent phosphorylation and steroidogenesis (5). We therefore used coinhibition of PDE4 and PDE8 as well as LH stimulation to investigate the role of SCAP/SREBP in the cAMP-dependent component of hormone-stimulated steroidogenesis. Steroidogenesis induced by PDE4+8 inhibitors in the presence or absence of LH was significantly reduced in the pools of SCAPdeficient cells compared with WT cells (Fig. 1B) . A similar fold decrease was observed in both LH-stimulated cells and unstimulated cells, although total progesterone production was markedly lower in the latter condition (Fig. 1B) . However, SCAP-deficient cell pools exhibited equivalent levels of StAR protein induction in response to the PDE inhibitors, indicating that neither the overall viability of the cells nor the mechanism leading to StAR induction was impaired by SCAP deficiency (Fig. 1A) . Furthermore, phosphorylation of hormone-sensitive lipase (HSL) on S660 (S651 in mouse HSL) was stimulated by PDE inhibition to the same extent in WT and SCAP-deficient cells (Fig. 1A) , confirming a lack of nonspecific effect of the CRISPR-Cas9 gene targeting of SCAP. These results indicate that SCAP/SREBP is required for steroidogenesis through mechanisms that are distinct from StAR expression and HSL phosphorylation.
In other cells, SREBP2 is well-known to control the level of several cholesterol biosynthetic genes including 3-hydroxy-3-methylglutaryl-CoA reductase (Hmgcr), 3-hydroxy-3-methylglutaryl-CoA synthase (Hmgcs), farnesyl diphosphate synthetase (Fdps), and cytochrome P450, family 51 (Cyp51), as well as genes required for cholesterol uptake, such as the low-density lipoprotein receptor (Ldlr) (17) . Messenger RNA levels for each of these genes and SREBP2 (Srebf2) itself were significantly reduced in the SCAPdeficient cell pool (Fig. 1C) , confirming that SCAP deficiency resulted in reduced SREBP2 activity. This was expected, as it has been reported previously in SCAP knockout mice (18) . Interestingly, mRNA levels of Hmgcr, Fdps, Cyp51, and Ldlr were A B C Fig. 1 . SCAP deficiency generated by the CRISPR-Cas9 system elicited reductions in SREBP2, steroidogenesis, and cholesterol biosynthetic genes. (A) MA10 cell extracts collected from a SCAP knockdown (KD) cell pool and a WT cell pool were used to determine SCAP and SREBP2 protein levels. For determination of p-HSL (Ser660 rat, Ser651 mouse) and StAR, both cell groups were treated with vehicle or PDE4+8 inhibitors (PDE4+8 in; 10 μM rolipram and 200 nM PF-04957325) for 15 min (p-HSL) or 2 h (StAR) before harvest. (B) A SCAP KD cell pool (red bars) and WT cell pool (blue bars) were serum-starved for 3 h and then treated with either vehicle, PDE inhibitors, LH (20 ng/mL), or LH plus PDE inhibitors for an additional 2 h. Progesterone released into the medium was quantified by ELISA. Each value represents mean ± SD (n = 4). Representative results from four repeated experiments are shown. (C) Messenger RNA levels were determined by quantitative real-time PCR using total RNA collected from SCAP KD cell pools and WT cell pools. Both groups were treated with vehicle or PDE inhibitors for 18 h under serum-starved conditions. Each value represents mean ± SD (n = 4). Data represent one of two sets of analyses. Statistical significance is shown as *P < 0.05 and **P < 0.01 vs. (-) inhibitors; ‡ P < 0.01 vs. WT.
up-regulated by PDE4+8 inhibition in both WT and SCAPdeficient cell pools, although the absolute levels were lower in SCAP-deficient cells. PDE inhibitor-inducible up-regulation in mRNA levels was also seen for steroidogenic acute regulatory protein (Star), cytochrome P450, family 11, subfamily a, polypeptide 1 (Cyp11a1), and acyl-CoA synthetase long-chain family member 1 (Acsl1) in both WT and SCAP-deficient cells (Fig. S1 ). HSL (Lipe) and acyl-CoA synthetase long-chain family member 4 (Acsl4) were significantly induced by PDE4+8 inhibition in WT cells (Fig. S1 ). ACSL enzymes act to convert free fatty acids into acyl-CoAs for further processing, including cholesteryl ester formation and inhibition of cholesterol efflux (19, 20) . ACSL4 has been reported to contribute to steroidogenesis through increasing arachidonic acid delivery to mitochondria, where this fatty acid could enhance cholesterol transport (21, 22) . Thus, PDE4+8 inhibition is likely to increase cholesterol biosynthetic gene products through multiple mechanisms, including both SCAP-dependent and SCAP-independent mechanisms.
To confirm that the effects of SCAP deficiency were not due to off-target effects of Cas9, we took advantage of a more specific for 2 h under serum-starved conditions. Each value represents mean ± SD (n = 4). The numbers are represented relative to WT, mean ± SD (n = 3-6). *P < 0.05 and **P < 0.01 vs. WT. (C) SCAP and HSL levels were determined by Western blot analysis using whole-cell extracts of each clonal cell line. GAPDH was used as a loading control. (D) Whole-cell extracts and mitochondrial fractions were isolated from ms-16 and s-143 cells. Free cholesterol was measured in each fraction. Results are presented as relative to ms-16 (WT). Each value represents mean ± SD (n = 3) obtained from three repeated experiments. Free cholesterol levels were 11.4 ± 1.1 (n = 4) and 120.0 ± 8.5 (n = 4; pmol/μg protein) in whole-cell extract and mitochondrial fraction, respectively. *P < 0.05 and **P < 0.01 denote statistical significance. (E) ms-16 cells were pretreated with methyl-β-cyclodextrin cholesterol (Chol; 1 mM) or mouse HDL (25 μg/mL) with or without lovastatin (0.5 μM) for 30 min. Cells were then stimulated with PDE4+8 inhibitors for 2 h under serum-starved conditions. Each value represents the relative changes to PDE inhibitor-induced steroidogenesis without lovastatin as 100%; mean ± SD (n = 3). Progesterone levels in cells exposed to PDE inhibitors but not to exogenous cholesterol (indicated as "none" in the figure) were 791 ± 60 (n = 3; ng/mg protein). **P < 0.01 vs. none; CRISPR approach to generate individual SCAP-deficient cell clones. We used the FokI/dCas9 CRISPR gene-editing system (23) to delete SCAP. The FokI/dCas9 dimeric system requires two guide RNAs for FokI to cleave the target DNA, and therefore is likely to have much higher specificity than what can be achieved with the canonical Cas9 system (23) . We used the clonal daughter cell line ms-16, derived from the original MA10 cells, for these experiments because we found that individual clonal cells derived from the original MA10 cell WT population varied substantially in their ability to produce progesterone. For example, in the ms-16 cell clone line, PDE4+8 inhibition resulted in at least sixfold higher induction of steroidogenesis, compared with the mixedparent MA10 cells (e.g., compare the response in MA10 cells in Fig. 1 with the response in ms-16 cells in Fig. 2) . Some other clonal cell lines showed much lower responses than the ms-16 cells. Following electroporation with the FokI/dCas9 and multiplex guide RNA plasmids, individual SCAP-deficient clonal cell lines were first screened by PCR amplification of the CRISPR target region (SCAP intron/exon 16) (Fig. S2) . In selected clones showing multiple PCR products, SCAP protein levels were determined by Western blot (Fig. 2C ) and genomic mutagenesis was confirmed by sequencing (Fig. S2 ). All clones with successful SCAP deletions exhibited significantly reduced progesterone production, compared with either the parent ms-16 cells or two other WT clonal lines, c-203 and c-206 ( Fig. 2A) . The average reduction in progesterone production in SCAP-deficient cells reached 54% under serum-starved conditions ( Fig. 2A) and 60% in the presence of serum (Fig. S3A) . These results suggested that SCAP contributes significantly to steroidogenesis even when cells have access to cholesterol from extracellular sources. Free cholesterol levels were determined in whole-cell extracts and mitochondrial fractions both in WT and SCAP-deficient cells. Mitochondrial free cholesterol as well as whole cellular free cholesterol were significantly lower in SCAP-deficient cells than in WT cells (Fig. 2D ). This reduced free cholesterol availability in mitochondria is consistent with the lower rates of steroidogenesis in SCAP-deficient cells.
To further verify the specificity of the FokI/dCas9 approach and to investigate the possible contribution of newly imported and stored cholesteryl esters to steroid hormone production, we generated cell clones deficient in HSL (Lipe) by using the same method (Fig. S2) . The HSL-deficient cell clones h-222, h-225, and h-227 showed no HSL protein expression (Fig. 2C) , but also showed no reduction in progesterone production in either the presence or absence of serum, compared with the ms-16 cells or WT clones (Fig. 2B and Fig. S3A ). Furthermore, treatment of MA10 cells with an HSL-selective inhibitor, CAY10499, did not affect steroid production (Fig. S3D) , consistent with the results of HSL-deficient clones.
Both Reduced de Novo Cholesterol Synthesis and Isoprenylation
Contribute to Impaired Steroidogenesis in SCAP-Deficient Cells. Our results demonstrated that PDE4+8 inhibition resulted in phosphorylation of a large number of proteins, including several guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs) for Rab-and Rho-type GTPases. Those small GTPases are thought to be involved in vesicle trafficking, lipoprotein uptake, and processing in MA10 cells (Table 1) (8) . We therefore investigated the relative contribution of cholesterol synthesis versus mobilization through these pathways by using the HMG-CoA reductase inhibitor lovastatin and inhibitors of farnesylation (FTIs) and geranylgeranylation (GGTIs) that inhibit isoprenylation of a large number of proteins, including those involved in the uptake and intracellular vesicular transport of cholesterol. Lovastatin dose-dependently reduced steroidogenesis induced by PDE4+8 inhibitors in ms-16 cells (Fig. 2F) . The maximum inhibitory effect of this statin was reached at 1 μM, which produced an inhibitory effect on progesterone production equivalent to that of SCAP deficiency (Fig. 2F) . Incubation with lovastatin for 18 h caused a more marked inhibition of steroidogenesis both in the presence and absence of serum, compared with the acute 2-h incubation (compare Fig. 2F with Fig. S3 B and C) . Addition of mevalonate completely rescued the attenuated steroidogenesis in lovastatin-treated cells, demonstrating that lovastatin did not exert off-target effects (Fig. 2H) . We next treated the cells with GGTIs or FTIs. Each of these inhibitors significantly reduced steroidogenesis (Fig. 2G) . Furthermore, treatment of the cells with geranylgeranyl pyrophosphate (GGPP) at 50 μM partially reversed the inhibitory effect of lovastatin on steroidogenesis in WT cells, suggesting that part, but not all, of the effect of lovastatin on steroidogenesis is mediated by de novo cholesterol biosynthesis and part by isoprenylation (lovastatin inhibits both). In SCAP-deficient cells, GGPP at 30-50 μM significantly increased steroidogenesis (Fig.  2H) , demonstrating that in this respect SCAP-deficient cells behave like WT cells in which cholesterol biosynthesis has been inhibited by lovastatin. Furthermore, exogenous cholesterol (methyl-β-cyclodextrin cholesterol and high-density lipoprotein; HDL) augmented steroidogenesis stimulated by PDE4+8 inhibition (Fig. 2E) . In cells treated with lovastatin, exogenous cholesterol increased steroidogenesis to a lesser extent than in cells incubated in the absence of lovastatin (Fig. 2E) . Together, these results suggest that a significant portion of cholesterol used in SCAP-dependent steroidogenesis is provided through de novo cholesterol biosynthesis but that the SCAP-dependent pathway also regulates isoprenylation that in turn is needed for optimal steroid hormone production. It should be noted that several of the small GTPases that are regulated by the GEFs and GAPs phosphorylated in response to the PDE4 + PDE8 inhibitors likely require isoprenylation to be fully active in the cell.
Reexpression of SCAP in SCAP-Deficient Clonal Cell Lines Restores
SREBP2 Expression and Steroidogenesis. As noted previously in the livers of SCAP-deficient mice (18) , SCAP deficiency generated by the Cas9 and FokI/dCas9 systems in MA10 cells was characterized by a marked reduction in SREBP2 protein levels (Figs. 1A and 3A) . This likely resulted from reduced SREBP2 mRNA and accelerated SREBP2 degradation. Expression of GFP-SCAP restored SREBP2 levels to wild-type levels (Fig. 3A) . Furthermore, GFP-SCAP dose-dependently increased progesterone production (Fig. 3B) , suggesting that a more complete transfection efficiency would also restore steroidogenesis. A SCAPdependent restoration of SREBP2 protein levels was also demonstrated by immunocytochemistry in GFP-SCAP-expressing cells showing increased SREBP2 staining compared with the "no GFPexpressing" cells within the same microscopy field of vision (Fig. 3C) . As a control, the ER marker PDI (protein disulfide isomerase) showed no differences in ER staining in cells expressing GFP-SCAP and cells that did not (Fig. 3C ).
Combined Inhibition of PDE4 and PDE8 Increases SREBP2 Activity. To examine whether PDE4+8 inhibition might regulate SCAP-SREBP2 activity, the cleaved mature form of SREBP2 in nuclear fractions was measured by using a rabbit anti-SREBP2 antibody recognizing the active SREBP2 N terminus. Inhibition of PDE4+8 significantly (∼1.8-fold) increased the relative abundance of the mature form of SREBP2, compared with vehicle treatment (Fig. 4A) . The full-length cytosolic SREBP2 may have been slightly (nonsignificantly) reduced by PDE4+8 inhibition. To clarify whether full-length SREBP2 in complex with SCAP is reduced by PDE inhibition, MA10 cells were transfected with GFPtagged SCAP and treated with the combined PDE inhibitors. SREBP2-GFP-SCAP complexes were then immunoprecipitated with an anti-GFP antibody, and full-length SREBP2 in the immunoprecipitates was detected by Western blot analysis. The results demonstrated a significant reduction of full-length SREBP2 immunoprecipitated with GFP-SCAP in cells treated with PDE inhibitors, suggesting that active PDE4 and PDE8 retard processing and subsequent activation of SREBP2 (Fig. 4B) . In addition, endogenous SREBP2-SCAP complexes were immunoprecipitated with a mouse anti-SREBP2 antibody that recognizes both the fulllength and cleaved C-terminal portion of SREBP2 (the remaining inactive portion of SREBP2 after cleavage). Total SCAP bound to SREBP2 (both the precursor and the cleaved C-terminal portion, as detected with the mouse SREBP2 C-terminal antibody) was increased in the cells treated with PDE4+8 inhibitors compared with nontreated cells (Fig. 4C) , suggesting that more of the SREBP2 C-terminal peptide is bound to SCAP in response to PDE inhibition. Overall, these results indicate that PDE4+8 inhibition facilitates SREBP2 processing possibly by increasing SREBP2-SCAP binding.
PKA-Dependent Phosphorylation of SCAP in Response to PDE4+8
Inhibition. Because simultaneous inhibition of PDE4 and PDE8 resulted in increased SREBP2 processing, we hypothesized that cAMP/PKA-dependent phosphorylation events promote SREBP2/ SCAP signaling as part of the response leading to increased steroidogenesis. S821 in SCAP is located within the WD domain, which is known to associate with the SREBP2 C-terminal domain (24, 25) . To investigate the potential role of this phosphorylation event, a custom-made S821 phospho-specific antibody was used to confirm that the increase of S821 phosphorylation noted in the mass spectrometry data could be seen by another method. The specificity of the phospho-antibody was confirmed by Western blot (Fig. S4) . A large increase in the S821 band was induced by the combination of PDE4+8 inhibitors. A smaller increase was seen with the PDE8 inhibitor alone (Fig. 5A ) and essentially no effect was seen with the PDE4 inhibitor alone, mimicking the effect on steroidogenesis previously reported (5) and the mass spectrometry data (8) . Furthermore, stimulation of the cells with either LH (10 ng/mL) or 8Br-cAMP (300 μM) also increased SCAP S821 phosphorylation. The PKA inhibitors H89 (10 μM) and Rp-CPT-cAMPS (0.5 mM) both partially blocked the effect of PDE4+8 inhibition (Fig. 5A) , indicating that this phosphorylation event was likely to be largely . PDE4+8 inhibition increases SREBP2 activity. (A) MA10 cells were serum-starved for 3 h and then treated with vehicle or PDE4+8 inhibitors. Nuclear and cytosolic fractions were isolated and used to determine mature SREBP2 and precursor SREBP2, respectively, by using a rabbit anti-SREBP2 antibody detecting both full-length and cleaved SREBP2. The values in the bar graph represent mean ± SEM of densitometric data obtained from three separate experiments. (B) MA10 cells transfected with GFP-SCAP were treated with vehicle or PDE4+8 inhibitors for 2 h, and cell extracts were used for immunoprecipitation with an anti-GFP antibody. Immunoprecipitated samples and the lysate (6%) were used to determine SREBP2 levels (rabbit SREBP2 antibody) and expressed GFP-SCAP. 14-3-3 protein was used as a loading control. The values in the bar graph represent mean ± SEM of densitometric data obtained from three separate experiments. IB, immunoblotting; IP, immunoprecipitation. (C) MA10 cells were treated with vehicle or PDE4+8 inhibitors for 2 h, and cell extracts were then used for immunoprecipitation with a mouse anti-SREBP2 antibody (anti-SR) recognizing full-length SREBP2 and the C-terminal fragment of cleaved SREBP2, or control IgG (cont IgG). Immunoprecipitated samples and the lysate (6%) were used to determine SCAP levels. The values in the bar graph represent mean ± SEM of densitometric data obtained from two separate experiments each performed in triplicates. *P < 0.05 and **P < 0.01 denote statistical significance.
PKA-dependent. However, we cannot rule out the possibility of some contribution of another kinase. Immunostaining using the phospho-S821 SCAP antibody detected signals only in cells treated with PDE inhibitors (Fig. 5B) .
Discussion
The data in our previous phosphoproteomic study (8) and this study strongly suggest that cAMP/PKA coordinates not just one but rather a large number of different processes that operate together to provide sufficient cholesterol for maximal cAMPstimulated steroidogenesis. This conclusion is based mostly on the identity and known roles of the large number of different proteins phosphorylated on PKA consensus sites in response to what should be a relatively pure cAMP signal (i.e., a signal caused by inhibition of PDEs 4 and 8). Two of the phosphoproteins seen were SCAP and HSL/cholesteryl ester hydrolase (Table 1) .
In this study, we have used CRISPR-Cas9-mediated gene inactivation to investigate in some detail the SCAP/SREBP pathway, and found a heretofore unrecognized and important role for cAMP/PDE4+8/PKA in the SCAP/SREBP pathway that likely contributes to the large increase in steroidogenic response to cAMP and LH.
We decided to knock down SCAP by using two different CRISPR gene-editing protocols [CRISPR-Cas9 and FokI/dCas9 (23)] because standard RNAi and shRNA gene-depletion protocols usually are quite difficult in these cells, as they are hard to fully transfect. As previously seen in the liver of SCAP knockout mice (18) , MA10 cells with SCAP deficiency had greatly reduced levels of SREBP2. Importantly, these cells showed markedly attenuated steroid production in response to either PDE4+8 inhibition or to LH. SCAP deficiency also attenuated mRNA levels of the SREBP2 targets Hmgcr, Hmgcs, Fdps, Cyp51, and Ldlr, as previously reported in different tissues and cell types (18) . Furthermore, overexpression of exogenous SCAP restored both attenuated SREBP2 and steroidogenesis, suggesting that SCAP is necessary for optimal steroidogenesis in these cells.
We then focused on examining whether cAMP/PKA, through inhibition of PDE4 and PDE8, could directly modulate SREBP2 processing. The PDE inhibitors increased the presence of cleaved mature SREBP2 in the nuclear fraction while reducing the amount of full-length SREBP2 bound to SCAP, clearly indicating that PDE4+8 inhibition caused SREBP2 activation. One explanation for this effect could be that PDE inhibition increased formation of SCAP-SREBP2 complexes and/or SCAP recycling after SREBP cleavage (26) , thereby increasing the pool of SREBP2 available for subsequent cleavage and activation. Thus, immunoprecipitation with a C-terminal anti-SREBP2 antibody resulted in more SCAP bound in cells treated with the PDE inhibitors, compared with untreated cells. It also is possible that PKA reduces Insig availability (27) and/or results in recruitment of unknown adapter proteins to either SCAP or SREBP2. Such processes might allow formation of more SREBP2-SCAP complexes.
Our phosphoproteomic study demonstrated an increased phosphorylation of SCAP S821 in response to PDE4+8 inhibition (Table 1) . Interestingly, S821 is located in SCAP's WD domain, which directly binds to the C terminus of SREBP2. We confirmed that PKA activation through PDE4+8 inhibition increased the phosphorylation of S821 in SCAP by developing a phospho-S821-specific antibody. S821 phosphorylation was clearly increased by cAMP agonists as well as the PDE inhibitors and was sensitive to PKA inhibitors (H89 and Rp-8-CPT-cAMPS) in MA10 cells. Interestingly, our recent phosphoproteomic study (8) identified only 54 phosphorylation sites as significant regulatory sites in the response to PDE8 inhibition alone, compared with 749 sites regulated by the combination of PDE4 and PDE8 inhibitors. S821 was one of the 54 regulatory sites, which might be characterized as lowthreshold for cAMP and/or be location-specific, possibly Golgispecific in the case of SCAP, because PDE8B also is localized in the Golgi apparatus (5) .
Other phosphorylation sites likely to be of direct importance in the SCAP/SREBP activation pathway were also seen in the phosphoproteomic studies (Table 1) . For example, Sec23-interacting protein (S748), oxysterol-binding protein-related protein 11 (S194), and Sec22b (S137) are likely to be involved in the production and transport of the SCAP/SREBP-containing vesicles (28) . In fact, a PKA inhibitor has been reported to prevent the recruitment of Sar1 and Sec23/24 to the sites forming the COPII coat complex, thereby preventing ER export of cargo (29) . These findings suggest that the phosphorylation on SCAP S821 may be just one of the modifications needed in order for cAMP/PKA to exert an effect on SCAP function. Similarly, the recycling of SCAP back to the ER is likely to involve ARF1-mediated pathways, and several small GTPase regulatory proteins important to these pathways were also phosphorylated on consensus PKA sites by the combination of PDE4 and PDE8 inhibitors ( Table 1 ). The relative importance of these other sites remains to be elucidated in future work.
Our study also suggests that a major source of cholesterol used for steroidogenesis in serum-starved Leydig cells is provided through de novo synthesis, consistent with earlier studies demonstrating that primary Leydig cells and MA10 tumor Leydig cells do not depend heavily on extracellular cholesterol uptake (30, 31) , at least acutely. Thus, the HMGCoA reductase inhibitor lovastatin inhibited steroidogenesis in WT cells to levels similar to those seen in SCAP-deficient cells. Isoprenylation of proteins provided by farnesyl pyrophosphate and geranylgeranyl pyrophosphate through the cholesterol synthesis pathway is likely to contribute as well, because addition of inhibitors of farnesyl or geranylgeranyl transferases led to significant impairment of cAMP-dependent steroidogenesis, which was partially reversed by geranylgeranyl pyrophosphate. Furthermore, addition of exogenous cholesterol A B Fig. 5 . PDE4+8 inhibitors and PKA activators increase Ser821 phosphorylation of SCAP. (A) MA10 cells were serum-starved for 3 h and then treated with vehicle, PDE8 inhibitor (200 nM), PDE4 inhibitor (10 μM), or PDE4+8 inhibitors for the indicated incubation times. H89 (10 μM) or Rp-8-CPTcAMPS (Rp; 0.5 mM) was added to the cells 30 min before addition of PDE4+8 inhibitors (20-min stimulation). The intensity of p-SCAP was densitometrically measured and is shown as an average (SD) (n = 3). Serum-starved MA10 cells were also treated with LH (20 ng/mL) or 8Br-cAMP (300 μM) for 10-40 min. The cell extracts were used to determine the phosphorylated SCAP at S821. Total SCAP or GAPDH was used as a loading control. (B) MA10 cells transfected with GFP-SCAP were used for immunostaining with the phospho-SCAP-specific antibody (Ser821). Phospho-SCAP immunoreactivity was labeled with an antirabbit secondary antibody conjugated with Alexa 546 (red). TOPRO3 was used as a nuclear counterstain (blue).
did not fully restore progesterone production in lovastatin-treated cells. It is therefore likely that prenylation of proteins involved in trafficking of cholesterol from the plasma membrane or intracellular compartments by mechanisms that may rely on prenylated proteins also contribute to steroidogenesis (32) . In addition, we found that levels of active RhoA were increased by the PDE4+8 inhibitor treatment in MA10 cells (Fig. S5) , and significant phosphorylation events in Arhgap17 and Arhgef2, which are known regulators of Rho activity (33) (34) (35) , were identified in the phosphoproteomic study (Table 1) . Importantly, these findings strongly suggest that PKA activation could modify the activities of these GAPs and GEFs (in addition to regulating prenylation), thereby resulting in a faster activation cycle of Rho-type GTPases that are involved in vesicle transport and microfilament arrangement (36) . These molecular events might also be expected to influence cholesterol transport to mitochondria for steroidogenesis (37) . A similar argument can be made for several different GEFs and GAPs that regulate Rab proteins, which are also highly implicated in regulation of vesicle trafficking (Table 1) .
Finally, the data strongly suggest that PKA has multiple known targets in both the cholesterol biosynthetic and uptake/ mobilization pathways, some of which appear to be partly independent of SCAP. For example, the SREBP2-regulated genes Hmgcr, Fdps, Cyp51, and Ldlr were all significantly up-regulated by the PDE inhibitors in both WT and SCAP-deficient cells, although the absolute levels were lower in SCAP-deficient cells. Some portion of these effects could be due to PKA-mediated activation of the transcription factors CREB, SF-1 (Nr5a1), GATA4, and NF-γ/p300, because maximal transcriptional activation by SREBPs requires activation of multiple transcription factors (38) (39) (40) (41) . In addition to the facilitation of cholesterol biosynthesis, the up-regulation of Hmgcr and Fdps by PKA should also increase the availability of isoprenoids that are necessary to locate small GTPases to their proper targets.
cAMP elevation and PKA activation are known to stimulate several critical steps in steroid production (42) . PKA activation leads to activation of HSL (5, 43) , which releases cholesterol and free fatty acids from cholesteryl ester storage and perhaps other sites in the cell. However, we demonstrate using HSL-deficient cell clones that HSL appears not to contribute significantly to cAMP-dependent steroidogenesis under the experimental conditions studied. Perhaps stimulation of HSL activity is only important under certain conditions of cholesterol availability. Ultimately, the liberated free cholesterol from all sources is transported into mitochondria by StAR protein, which is also reported to be phosphorylated and activated by PKA (44, 45) . Once in mitochondria, cholesterol is converted to pregnenolone by CYP11A1 and then further processed to progesterone and testosterone. Both StAR and CYP11A1 expression are induced by PKA, as demonstrated previously and in the present study, and are generally considered as rate-limiting steps in steroidogenesis (46, 47) . However, the results of the present study suggest that other PKA substrates can also be regulatory with regard to cAMP activation of steroid synthesis, and add PKA-mediated regulation of SCAP function as a likely critical step for cAMPdependent regulation of steroidogenesis.
In summary, we demonstrate that SCAP deficiency attenuates Leydig cell steroidogenesis in response to LH and cAMP elevation, and that simultaneous inhibition of PDE4 and PDE8 results in facilitated processing and activation of SREBP2. These results highlight an important role for SCAP and the cholesterol biosynthetic pathway in steroidogenesis in response to LH and cAMP elevation by PDE4 and PDE8 inhibition, and may open new avenues for modulation of SCAP-dependent processes by PDE inhibitors in other tissues.
Materials and Methods
A detailed description of experimental procedures and reagents is provided in SI Materials and Methods. In short, phosphorylation of proteins in response to cAMP elevation by combined inhibition of PDE4 and PDE8 in MA10 Leydig cells was determined by mass spectrometry. Two CRISPR-Cas9 approaches were used to knock down expression of SCAP, one of the proteins involved in cellular cholesterol handling identified by the phosphoproteomic screen. In some experiments, SCAP was reexpressed in SCAP-deficient cells by transfection by a GFP-SCAP plasmid. Activation of the SCAP-SREBP2 pathway in response to PDE4+8 inhibition was measured by immunoprecipitation of the SCAP-SREBP2 complex, detection of nuclear mature SREBP2, real-time PCR to evaluate downstream gene expression, and progesterone production. The relative contribution of substrate for steroidogenesis provided by de novo cholesterol synthesis and isoprenylation-dependent mechanisms was evaluated by inhibitors of cholesterol synthesis and prenylation and exogenous addition of substrates for these pathways.
